Aim: To determine factors associated with microbiological safety of public drinking water systems in regional New South Wales (NSW), Australia.
INTRODUCTION
a multiple barrier 'catchment-to-tap' approach (the Framework for Management of Drinking Water Quality). A singlebarrier approach to managing drinking water risks is vulnerable to failure (Reason 1997) . There is growing international evidence that Escherichia coli (E. coli) is the most appropriate bacteriological indicator of faecal contamination (Edberg et al. 2000; World Health Organization 2006) . In line with this evidence, the Australian Drinking Drinking Water Monitoring Program data were reviewed for sampling adequacy and microbiological compliance to assess the safety of public drinking water supplies in regional NSW. The review included all public drinking water supplies in NSW, except for the large metropolitan drinking water supply systems operated by Sydney Water Corporation and Hunter Water Corporation, which are monitored separately (Figure 1) . Private (independent, nonwater utility) drinking water supplies and Aboriginal communities with independent drinking water supplies were also excluded from the analysis. The association between supply system characteristics, time period and monthly microbiological non-compliance for each supply system was modelled for the review period using generalized estimating equations (Liang & Zeger 1986; Hardin & Hilbe 2003) . All samples tested for E. coli were included. The model used a negative binomial model, with a correlation matrix defined using a one-month lagged autocorrelation. The number of non-compliant samples (i.e. the number of samples where E. coli was detected) was used, and exposure was incorporated by using the total number of samples taken each month for each supply system. All 323 supply systems were included in the univariate analysis, except for the turbidity and free chlorine analysis. The 305 systems with turbidity readings were included in the turbidity analysis, while the 132 systems that used chlorine for disinfection and reported residual free chlorine concentrations were included in the free chlorine analysis.
METHODS
Supply system features that were modelled included size of the population supplied, water source, disinfection method, clarification method, chemical treatment status, mean turbidity and mean free chlorine residual. Monthly means were used for all features except population size, where annual population was used. Time characteristics included the sample year and the season. The analysis was conducted using the supply system as the unit of analysis.
Estimates were adjusted for clustering within supply systems using robust variance estimates. The association between microbiological non-compliance and system characteristics was expressed using the incidence rate ratio. The same modelling strategy was used to examine all of the significant supply system features in a multivariate negative binomial model. Eighteen supply systems were excluded from the multivariate analysis, due to lack of turbidity measurements. Variables that did not reach a significance of , 0.2 were excluded from the model, and then individually re-introduced. The most parsimonious multivariate model was selected as the final model.
RESULTS
For the period 1 January, 2001, to 30 June, 2007, 104 regional water utilities responsible for 349 drinking water supply systems reported to the NSW Health Drinking Water Monitoring Program. Twenty-six drinking water supply systems were excluded from the analysis, as they were no longer considered to be supplying potable drinking water (17 systems), had no permanent residential population (7 systems) or were not suitable for analysis for other reasons (1 private system, 1 system with minimal samples). The median population served by regional water supply systems was 900 people (IQR 250 -3150). The supply population and sampling recommendations are presented in Table 1 .
The 104 water utilities responsible for the quality of drinking water in regional NSW generally had a small Water treatment includes the use of clarification (for example, sedimentation, coagulation, filtration), disinfection (for example, chlorination, ultraviolet treatment) and other chemical treatment of water (for example, pH treatment, hardening, softening). The majority of drinking water supplies were treated using at least one of these treatments (318/323, 98.5%).
Five public drinking water supplies (serving a population of 12,785) used completely untreated water for the duration of the review period. Apart from these five systems with no treatment, there were an additional five systems that used no disinfection process. In total, 10 public drinking water supplies (10/323, 3.1%) serving approximately 17,485 people used no disinfection process for the duration of the review period January 2001 to July 2007.
During the review period, 36 supply systems (11.2%) upgraded their treatment of drinking water. The treatment upgrade most commonly included the introduction of chlorination. By mid 2007, the majority of supply systems used chlorination, chloramination or both (chlorination 82.4%, chloramination 2.5%, both 0.9%) to disinfect their drinking water supply. The next most common disinfection method used was ultraviolet light alone (9.9%). Smaller supplies were more commonly not disinfected, with 9 of the 10 systems without disinfection serving populations of fewer than 5,000.
Clarification includes procedures such as sedimentation, coagulation, flocculation and filtration. Just over half (51.1%) of the drinking water supply systems were clarified by mid 2007. Groundwater systems were commonly not clarified, with 80.2% (77/96) of these systems having no clarification process. Apart from disinfection, the majority (205/323, 63.5%) of regional drinking water supplies in NSW received no further chemical treatment.
The most common single source of water was a watercourse (for example, a river or creek, 41.5%). The next most common single source was groundwater (for example, a bore, spring or well, 29.7%), and the third most common was surface storage (for example, a dam, reservoir or lake, 15.5%). Some supply systems used more than one source of water (Table 2) .
Of the total number of microbiological samples tested for E. coli and/or thermotolerant coliforms, 3186/110,278
(2.9%) were tested for thermotolerant coliforms only.
The remaining 107,092/110,278 samples (97.1%) were tested for E. coli alone or in combination with thermotolerant 
Frequency of microbiological sampling
The median time between microbiological sampling (of samples tested for E. coli and/or thermotolerants) for all 323 regional supply systems included in the analysis was 9 (IQR 7-14) days. Even though more than one sample There was an annual pattern to the adequacy of microbiological sampling, with fewer samples taken during summer than any other season (Figure 4 ). There were significant differences in the adequacy of sampling by season ( p , 0.001, Kruskal Wallis test). Microbiological sampling adequacy improved significantly over the review period ( Figure 5 ).
The median time between a sample being taken and the sample being received by the laboratory was one day.
The median time between a sample being received by the laboratory and a sample result being available was also one day, providing a median delay between sampling and result reporting of two days. Smaller supply systems were significantly more likely to have higher rates of E. coli detection ( p , 0.001, non-parametric trend test, Figure 6 ). The overall median rate of E. coli detection for regional drinking water supply systems in NSW was 1.37 per 100 samples (IQR 0.31-4.07 per 100 samples). There was significant improvement in microbiological compliance over the period 2001 to mid 2007 (Figure 7) .
Univariate modelling of monthly microbiological non-compliance
There was a statistically significant association between all the drinking water supply system features and microbiological non-compliance (Table 3) . On univariate analysis, smaller supply systems, watercourse and groundwater, undisinfected and ultraviolet disinfected systems and higher mean turbidity levels were associated with a higher risk of microbiological non-compliance. Higher mean free chlorine residual levels were associated with lower microbiological non-compliance levels. The strongest association with non-compliance was seen with: supply systems serving populations of fewer than 500 people, undisinfected systems and 'sedimentation only' systems.
Microbiological non-compliance was significantly associated with sampling year, confirming the significant trend in improved compliance over the review period (Table 4 ). Microbiological non-compliance was also significantly associated with season. Greater microbiological non-compliance was associated with earlier sampling years and with autumn, spring and summer each year.
Summer periods (December to February) were associated with over three times the incidence of microbiological non-compliance than winter periods ( June to August).
Multivariate modelling of monthly microbiological non-compliance
On multivariate analysis the supply system population, water source, disinfection method and mean turbidity levels were significantly associated with microbiological non-compliance (Table 5 ). Clarification status was no longer significantly associated with non-compliance after controlling for mean turbidity levels.
There was a 1% reduction in risk of microbiological non-compliance for each 1,000 person increase in the size of the supply system population ( p ¼ 0.01). The strongest association with microbiological non-compliance was seen in undisinfected supply systems, with an incidence of Table 5 ).
After controlling for disinfection method, groundwater was the lowest risk water source, with watercourses presenting a risk of microbiological non-compliance 2.3 times that of groundwater. Mean turbidity also remained significant, presenting a 17% increased risk for each one nephelometric turbidity unit increase in mean monthly turbidity (Table 5 ).
DISCUSSION
The NSW Health Drinking Water Monitoring Program has promoted improved management of water supply systems in regional areas. Local Public Health Units regularly review data and where necessary follow up with water utilities that do not comply with sampling or water quality targets.
Despite the trend for significantly improved compliance by year, almost 40% of regional public drinking water systems in New South Wales, Australia, had rates of E. coli detection above the Australian Drinking Water Guidelines 2004 guideline value during 2001-2007. One quarter of regional drinking water systems had rates of E. coli detection more than twice the guideline value. Further, ten drinking water systems in NSW did not supply disinfected water at the time of the review.
Smaller supply systems in regional NSW posed considerably higher risks of waterborne illness for the commu- Program, improved monitoring and maintenance of the regional drinking water systems, improved disinfection and treatment of public drinking water supplies, as well as real improvements in sampling frequency.
During the review period, no outbreaks of waterborne disease were associated with public water supply systems in NSW. It is possible that some outbreaks were prevented by prompt action such as the issuing of boil water alerts following system failure or contamination. Twelve such alerts were issued in 2007.
However, a number of concerns remain. Our results indicate that there is still a risk that a waterborne outbreak of disease could lead to morbidity and mortality in regional NSW. The overall median non-compliance level of 1.4% for regional drinking water systems was up to 70 times higher than the level for utilities serving metropolitan areas (Hunter Water Corporation and Sydney Water Corporation (Hunter Water 2007; Sydney Water 2007) . It is important to note that the level of risk to communities served by the smallest water supply systems is substantially greater than the median for all regional areas.
Apart from the size of the population served by the drinking water system, a number of factors were associated with an increased risk of E. coli detection. These included the type of disinfection used, water source, method of clarification, post-treatment turbidity level, sampling year and season.
There was a significant difference in the effectiveness of different disinfection methods. A lack of disinfection presented a risk of E. coli detection of over 12 times that of chlorinated systems. Ultraviolet disinfection performed relatively poorly when used as the sole disinfection method, with rates of E. coli detection almost three times higher than rates for chlorinated systems.
Although chlorination and/or chloramination provided the best results, 1.2% of samples were non-compliant even with this method of disinfection. This highlights the need The level of clarification as measured by the posttreatment turbidity provided a stronger measure of microbiological risk than the method of clarification used.
However, more sophisticated clarification techniques were associated with lower risks of microbiological non-compliance. Maintaining consistently low turbidity is desirable to reduce the pathogen risk and achieve good disinfection.
Even in filtered supplies fluctuations in turbidity have been associated with an increase in gastrointestinal illness (Schwartz et al. 1997 (Schwartz et al. , 2000 .
As expected, water courses provided the greatest risk of E. coli detection, more than twice the risk posed by groundwater systems. However, it is worth emphasizing that supply systems that were not disinfected posed the greatest single risk of microbiological non-compliance after controlling for the water source. This finding is consistent with reviews of outbreaks in the United States, where contamination is commonly associated with untreated or inadequately treated groundwater systems (Liang et al. 2006; Yoder et al. 2008) . In addition, the Program only collects data on the quality of drinking water that is supplied to consumers.
This meant that our ability to assess risk mitigation strategies and processes was limited. We could not report on the adequacy of corrective actions taken as a result of a non-compliant sample, as this information is not available from the Program's database. This review was limited to an analysis of microbiological quality, although the chemical quality of drinking water is also associated with both acute and chronic health risks.
Finally, although monitoring is an important part of quality control, monitoring end-user drinking water quality has a number of inherent limitations, including: † intermittent sampling cannot detect all contamination events, † exposure of the supply population to contaminated water may occur days before a non-compliant sampling result is available, and † contamination with pathogens such as protozoa and viruses may not be identified unless the contamination is accompanied by the indicator organism (E. coli) or elevated turbidity.
To ensure that drinking water is safe, the Guidelines recommend assessment of the risks to drinking water supply, and implementation of a preventive risk-management framework which seeks to manage hazards before system operation or water quality is compromised. Such risks include potential contamination from septic wastes, animal faeces and effluent. Water catchments should be carefully protected from such contamination.
CONCLUSION
Drinking water systems that are not disinfected, and systems serving small populations, are particularly vulnerable to the effects of faecal contamination. All drinking water systems should be adequately treated and continuously disinfected, regardless of water source, to reduce the risk of waterborne disease. The disinfection method of choice is chlorination. Treatment performance should be carefully monitored.
Communities cannot rely solely on end-user drinking water monitoring programs to prevent waterborne outbreaks of infectious disease. Even in developed countries such as Australia, where drinking water monitoring programs exist, the presence of E. coli above guideline levels in many drinking water supplies indicates that there is still a risk of outbreaks of waterborne disease in regional areas.
It is necessary for each water utility to fully implement a preventive risk-management framework to protect the community from risks associated with drinking water.
